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CELL STRESS MARKERS DURING DEVELOPMENT OF 
HEMOLYTIC UREMIC SYNDROME AND ACUTE KIDNEY INJURY 
AMANDA MOTOMOCHI 
ABSTRACT 
 Enterohemorrhagic  E. coli (EHEC) infections are a leading cause of 
foodborne illness in the United States. Shiga-like toxins are produced that can 
cause hemorrhagic colitis and can lead to dangerous complications, such as 
acute kidney injury and hemolytic uremic syndrome (HUS). There are currently 
no specific treatments for HUS, and therefore more research into EHEC and 
HUS needs to be done.  
 Our study focuses on Shiga-like toxin induction of endoplasmic reticulum 
(ER) stress in in vitro and in vivo systems, using human monocyte-like THP-1 
cells and a non-human primate model of HUS. We used qPCR to determine the 
levels of ER stress marker expression induced by both Shiga-like toxin 1 (Stx1) 
and Shiga-like toxin 2 (Stx2) challenges. We also looked at ER stress marker 
expression in non-human primates that survived a lethal Stx2 challenge after 
being given a Stx2 binding tetravalent peptide.  
 We expected to see increased ER stress marker expression in THP-1 
cells challenged with both Shiga-like toxins and in animals that received lethal 
doses of the toxins. Although results were inconclusive for THP-1 cell 
experiments, our preliminary non-human primate data suggest that the timing of 
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ER stress marker production is important, and Shiga-like toxins may suppress 
the unfolded protein response (UPR) in some baboon tissues. We also show that 
the therapeutic peptide TVP may reverse this UPR suppression and relieve ER 
stress leading to animal survival. Our study, along with the current literature, 
shows that Shiga-like toxin induced ER stress is a promising area for future 
study.
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INTRODUCTION 
 An estimated 47.8 million illnesses and 3,000 deaths can be attributed to 
foodborne diseases each year in the United States (1). These illnesses amount 
to an estimated total cost of $77.7 billion dollars annually (2). About 63,000 of 
those illnesses and 20 of those deaths are caused by Shiga toxin-producing 
Escherichia coli (STEC) O157:H7 (3). First investigated after cases of 
hemorrhagic colitis were seen during two outbreaks in 1982 (4), this serotype of 
E. coli (O157:H7) is the most common enterohemorrhagic E. coli (EHEC) strain 
(5). EHEC infections are the major cause of E. coli illnesses in the United States, 
both sporadic cases and outbreaks (6), and they are the most common cause of 
hemolytic uremic syndrome (HUS) in most parts of world (7). HUS is 
characterized by thrombocytopenia, microangiopathic hemolytic anemia, and 
thrombotic microangiopathy that can lead to acute kidney injury (7). Aside from 
supportive therapy, HUS currently has no specific treatments (8) and is thus the 
focus of our research. 
 
EHEC Infection and Colonization 
 After the initial 1982 recognition of the E. coli O157:H7 strain, it was not 
until a large 1993 outbreak that the strain became a national health threat. The 
multi-state outbreak documented 501 cases and was attributed to undercooked 
hamburgers eaten at a fast-food chain (9). While vehicles for E. coli transmission 
can include fresh produce, person-to-person contact, and water sources, ground 
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beef remains the most common source of foodborne outbreaks (10). Many 
ruminant animals carry E. coli strains including O157:H7, but cattle serve as the 
major reservoir (11). Colonization by E. coli does not usually cause clinical 
abnormalities in cattle (12). Cattle shed E. coli in their feces, which can cause the 
contamination of bovine products and fresh produce from agricultural rain run-
offs (13). 
 Once ingested, EHEC colonizes the intestines of humans and animals by 
an attaching and effacing (AE) mechanism that was first recognized in a different 
strain of enteropathogenic E. coli (14). EHEC AE lesions were seen in chicken 
ceca in 1985 (15). Soon after, Pai and colleagues saw EHEC attachment to 
rabbit colons, and they realized that there must be a link between the virulence of 
EHEC and the ability of the bacteria to attach to the cell wall (16).  
Locus of enterocyte effacement (LEE) has been discovered as a 
necessary genetic locus that is conserved in several AE bacteria (17). LEE 
encodes many of the genes necessary for attachment including eaeA, the gene 
encoding the adhesin intimin, tir, the gene encoding translocated intimin receptor, 
and the esc and sep genes, the genes encoding a type III secretion system (18, 
19).  
After an initial bacterial attachment to intestinal walls, Tir is translocated 
from the bacteria to the host via a type III secretion system (20). Tir is then 
localized to the host cell surface (20) where it can serve as the receptor for 
intimin, a bacterial outer membrane protein (18). By comparing in vitro and in 
	  3	  	  
vivo studies of attachment, it has been shown that EHEC need to be host 
adapted for maximal intimate attachment and for up-regulation of Tir and intimin 
(21). 
Intimate attachment of EHEC to intestinal cell surfaces causes the 
destruction of the microvillus border (15, 16, 22). A pedestal formation is then 
seen beneath the attached bacteria (22). It has been determined that these 
pedestals are made of actin microfilaments (23). 
 
Shiga-Like Toxins 
EHEC do not usually cause bacteremia (19) but instead cause virulence 
by secreting Shiga-like toxins that were first recognized by their cytotoxic effects 
on Vero (African green monkey kidney) cells (24). Shiga-like toxins were 
identified to be similar to Shiga toxins produced by Shigella dysenteriae serotype 
1 (25). There are two main types of Shiga-like toxin produced by EHEC, Shiga-
like toxin 1 (Stx1) and Shiga-like toxin 2 (Stx2). Stx1 has an almost identical 
amino acid sequence to Shiga toxin produced by S. dysenteriae, but shares only  
56% amino acid sequence identity with Stx2 (26). E. coli O157:H7 produces both 
toxins, but other EHEC serotypes can produce only Stx2 or rarely only Stx1 (27, 
28). Stx2 has been shown to be more lethal or cause more severe disease in 
various animal models and in humans (28-33). 
EHEC may use a type III secretion method to inject toxins into the host 
cells (34), but macropinocytosis may also play a role in toxin uptake by intestinal 
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epithelial cells and transcellular trancytosis (35). Once in the host, neutrophils are 
thought to traffic the toxin through the body. Although this has not been 
adequately studied, some in vitro evidence shows that Shiga-like toxins can 
induce interleuken-8 (IL-8) expression from intestinal epithelial cells (36). This 
can presumably attract neutrophils to pick up the toxin from the intestinal 
epithelial cells and deliver it to different target organs in the body, notably the 
kidneys (37).  
Both Shiga-like toxins are made up of two subunits, A (active) and B 
(binding) (38). The B subunit forms a pentameric ring (39) that binds to its 
receptor, a glycosphingolipid globotriaosylceramide (Gb3) (40-43). This allows 
the toxin to be internalized by the cells of target organs through both clathrin-
dependent and clathrin-independent endocytosis (44). Gb3 is expressed mainly 
on endothelial cells in humans (45, 46), and its high expression on the glomerular 
endothelial cells of the kidneys is thought to contribute to their high sensitivity to 
injury (47).  
Once in the cells, Shiga-like toxins move retrograde from the Golgi 
apparatus to the endoplasmic reticulum (ER) (48). In order to activate their 
catalytic properties, the A subunit of the toxins is cleaved by the enzyme furin, 
either in the endosome or in the Golgi network (49). The new A1 and A2 subunits 
are connected by a disulfide bond until being reduced, and this allows for 
activation of the A1 subunit (50). The toxin then moves to the cytoplasm where it 
can interfere with protein synthesis. The A subunit has RNA N-glycosidase 
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activity that works by cleaving an adenine residue from 28S ribosomal RNA (51). 
This inhibits protein synthesis by interrupting elongation factor 1-dependent 
aminoacyl-tRNA binding to ribosomes (52, 53).  
 
Endoplasmic Reticulum Stress 
 The lumen of the ER is the location where many proteins are folded and 
matured. ER stress occurs when unfolded or misfolded proteins accumulate in 
the ER due to an increased demand for or disruptions in protein folding (54). The 
cells then try to resolve the stress in a response referred to as the unfolded-
protein response (UPR) (Fig. 1) (55, 56). The first step is to lower protein 
synthesis or protein translocation into the ER, the second step is transcriptional 
activation of UPR target genes, and the third step is ultimately cell death if the 
stress is not resolved (55). ER stress is thought to play a role in many disease 
states, including EHEC induced HUS.  
There are three ER stress protein sensors localized in the ER: inositol-
requiring 1α (IRE1α), double-stranded RNA-dependent protein kinase-like ER 
kinase (PERK), and activating transcription factor 6 (ATF6) (55, 56). Each of 
these proteins contains an ER-luminal domain that senses unfolded proteins and 
a cytosolic domain that transmits the required signals to activate the UPR (54). 
These proteins remains inactive while bound to the chaperone immunoglobulin-
heavy-chain-binding protein (BiP). When ER stress occurs, it is thought that BiP 
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is recruited to help by binding to the unfolded or misfolded proteins in the ER 
lumen. This then releases and activates the three sensor proteins (57). 
 IRE1α is a transmembrane protein that has cytosolic kinase activity (58, 
59) as well as a site-specific endoribonuclease (RNase) (60). Upon activation, 
IRE1α oligomerizes, and trans-autophosphorylation takes place by the kinase 
domain (61). This then activates the RNase activity of the protein (60). IRE1α 
cuts X-box binding protein-1 (XBP1) mRNA in two places, and then the pieces 
are ligated together (62, 63). This spliced XBP1 mRNA encodes for a 
transcriptional activator of UPR genes that support ER-associated degradation 
(ERAD) of misfolded proteins (64). 
PERK is also a transmembrane protein with kinase activity (65). Similar to 
IRE1α, PERK oligomerizes (66) and undergoes trans-autophosphorylation upon 
activation by ER stress (67, 68). Unlike IRE1α, PERK has the ability to also 
phosphorylate substrates other than itself. A main target of phosphorylation by 
PERK is the translation initiation factor eIF2α (65). Phosphorylation of eIF2α 
shuts down general translation, relieving the protein load and allowing for short-
lived proteins to clear the cell (65). Phosphorylation of eIF2α also activates 
translation of mRNAs that encode short open reading frames, such as activating 
transcription factor 4 (ATF4) (69). ATF4 stimulates expression of some UPR 
target genes, including those involved in inducing apoptosis such as C/EBP 
homologous protein (CHOP) (69). 
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 ATF6 is a transmembrane protein that contains a basic leucine zipper 
(bZIP) motif that acts as a transcription factor for UPR target genes (70, 71). 
ATF6 is anchored to the ER membrane while in its inactive state (70). When the 
luminal domain senses ER stress, it translocates to the Golgi apparatus (72). In 
the Golgi apparatus, ATF6 is cut by site 1 protease (S1P) and site 2 protease 
(S2P), which releases the bZIP transcription factor (73). This smaller fragment of 
ATF6 moves to the nucleus where it activates transcription of UPR target genes 
that encode for enzymes and chaperones responsible for relieving ER stress 
(70), as well as apoptosis mediator CHOP (74). 
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Figure 1. Unfolded Protein Response Pathways. ER stress induces the UPR by first 
causing unfolded proteins to accumulate in the ER. BiP releases the ER stress sensors 
(PERK, IRE1α, and ATF6) in order to bind the unfolded proteins. The three ER stress 
sensors then activate their respective UPR signaling pathways. PERK oligomerizes and 
trans-autophosphorylates itself before phosphorylating eIF2α. This leads to ATF4 
activation of UPR target genes. IRE1α also oligomerizes and trans-autophosphorylates 
itself. Activated IRE1α splices XBP1, which then acts as a transcription factor for UPR 
target genes. ATF6 translocates to the Golgi apparatus where it is cleaved by S1P and 
S2P. The now active ATF6 fragment activates transcription of UPR target genes. If ER 
stress is not resolved, CHOP expression will increase, eventually leading to apoptosis. 
(Adapted from Zhang and Kaufman, 2008) 
 
Hemolytic Uremic Syndrome 
 While EHEC infections are not the only cause of HUS, EHEC accounts for 
the vast majority of HUS cases (7). An infectious dose of EHEC is low in 
humans, as only as few as 50 bacteria can cause infection (75). By 3-4 days 
after ingesting EHEC, patients develop abdominal pain and watery diarrhea for 1-
3 days, followed by several days of bloody diarrhea in 90% of patients (9, 76). 
Bloody diarrhea usually prompts patients to seek medical attention. Most of these 
patients are found to be afebrile at the time of medical attention, despite half of 
patients reporting prior fevers (77). About a week after the initial symptoms 
begin, about 15% of children younger than 10 years of age will develop HUS 
while the remaining 85% will spontaneously improve (76-80). 
 HUS is characterized by the clinical symptoms of thrombocytopenia, 
microangiopathic hemolytic anemia, and thrombotic microangiopathy that can 
lead to acute kidney injury (7). Diagnosis of HUS is dependent on certain criteria: 
hematocrit below 30% with evidence of erythrocyte destruction on a peripheral 
blood smear; a platelet count less than 150,000/mm3; and a serum creatinine 
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concentration exceeding the normal upper limit for age (77, 78, 81-83). E. coli 
O157:H7 can be detected by plating fresh feces on sorbitol-MacConkey agar (84) 
and by the use of commercial tests that can detect Shiga-like toxins from any 
EHEC strain (85, 86).  
Thrombotic microangiopathy consists of thickening of arterioles and 
capillaries, endothelial cell injury, and platelet thrombi that obstruct 
microcirculation (87). This may be caused in part by the Shiga-like toxin induction 
of adhesion molecule expression by endothelial cells (88) and the production of 
inflammatory cytokines and chemokines from endothelial cells and monocytes 
(29, 89, 90). These recruit and activate neutrophils which can increase tissue 
damage. Platelet activation (91) and degranulation (92) seen in HUS patients, 
coupled with the increased adhesion of platelets to endothelial cells as a result of 
Shiga-like toxins (88) may also account for microthrombi. Alternative pathway 
complement activation may play a role in the microvascular thrombosis as well 
(93). Thrombotic microangiopathy of the glomerular vasculature seen in HUS can 
ultimately lead to renal failure. 
 Supportive therapy remains the best course of treatment for patients HUS 
(8). Fluid levels need to be monitored to maintain renal perfusion without causing 
fluid overload (7). Peritoneal dialysis or hemodialysis can improve outcome, and 
erythrocyte transfusions may be necessary (94). Cardiac and neurologic 
complications can occur in addition to renal dysfunction (95). Antibiotics should 
not be used in treating HUS caused by O157:H7 because toxin production can 
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be increased (96). Antibiotics may prove useful in treating HUS induced by other 
toxigenic E. coli strains judging by improvements in outcomes with use of 
antibiotics during an O104:H4 outbreak in Germany (97). 
 Young children and the elderly are more susceptible to HUS and death 
after an EHEC infection than adults (98), and about half of EHEC infections result 
in hospitalization (3). The death rate from an EHEC infection is low (3), but there 
can be severe complications from kidney injury. Around 12% of patients progress 
to end state renal failure within 4 years, and about 25% of patients have long-
term renal insufficiencies (99).  
 
State of Present Studies 
There have been several studies examining the effects of EHEC and 
Shiga-like toxins on ER stress. Stx1 activated the ER stress sensors IRE1α, 
PERK, and ATF6 in the human myeloid leukemia cell line THP-1, as well as 
increased expression of the transcription factor CHOP which led to apoptosis 
(100). Stx1 induced ATF6 cleavage and an increase in CHOP expression, while 
Stx2 induced phosphorylation of PERK and IRE1α in human renal proximal 
tubular epithelial cell like HK-2 (101). Stx1 and Stx2 triggered CHOP mRNA 
expression in human brain microvascular endothelial cells (102). Stx1 and Stx2 
led to the transcription of ATF6, IRE1α and CHOP in human endothelial cells 
from several vascular beds (SY Oh, unpublished manuscript, 2011). There is  
also data demonstrating that CHOP mRNA expression is up-regulated and XBP1 
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is spliced in kidney tissues after mice undergo an Stx2 challenge, which suggests 
ER stress is taking place (C Leibowitz, PhD candidate in Kurosawa lab; 
unpublished data). 
While murine models are useful for studying some aspects of EHEC 
infections, mice are not as susceptible to EHEC infections as humans and do not 
show all of the classic symptoms of HUS, notably thrombocytopenia (103). 
Therefore, a baboon (Papio) toxemia model has been established in which 
baboons develop HUS similar to the way humans develop the disease (29, 104). 
Baboons developed thrombocytopenia, microangiopathic anemia, and acute 
renal failure with loss of glomerular function after a lethal intravenous challenge 
with either purified Stx1 or Stx2 (29, 104).  
In a recent study, baboons were rescued from lethal doses of Stx2 with an 
acetylated tetravalent peptide (TVP) (105). TVP is a cell-permeable tetravalent 
peptide that binds to the Stx2 B subunit (106). Once the toxin is internalized, TVP 
causes the toxin to be redirected to the lysosomes for degradation rather than to 
the Golgi for processing and activation (106). When TVP is given simultaneously 
with toxin or periodically starting either 6 or 24 hours post toxin challenge, the 
baboons survived a lethal Stx2 challenge (105). These baboons lacked the acute 
kidney injury seen in the HUS baboons, and they had improved platelet counts 
compared to baboons that did not receive TVP (105). While this non-human 
primate model of toxemia is promising, more work needs to be done to see how 
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these peptides will respond in a bacteria model that more resembles human 
infection. 
 
Specific Aims 
 Based on the various HUS models and ER stress studies described 
above, this study aims to: 
1. Determine whether Stx2 can induce the production of ER stress markers in 
THP-1 cells, similar to Stx1  
2. Evaluate whether the baboon toxemia model of HUS produces markers 
indicative of ER stress after a challenge with Stx1 or Stx2. 
3. Determine if severity of the toxin challenge will alter the production of ER 
stress markers by: 
a. Examining differences in ER stress markers from baboons challenged 
with either a lethal or a non-lethal Stx1 dose. 
b. Assessing whether baboons that were protected against a lethal Stx2 
challenge with TVP produce levels of ER stress markers that differ from 
the levels of markers produced by Stx2 only animals. 
We expect our studies will show that: 
1. Stx2 can induce ER stress marker production in THP-1 cells. 
2.  Lethal Stx1 and Stx2 challenges will correspond with elevated ER stress 
markers in baboon tissues. 
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3. Baboons that survived an Stx1 or Stx2 challenge will correspond with a 
decreased production of ER stress markers when compared to the ER 
stress markers produced by baboons that did not survive. 
 
METHODS 
Toxins Used in THP-1 Cell Challenges 
 Stx1 and Stx2 were purchased from Tufts University (Boston, MA). 
Lipopolysaccharide was removed by incubation with Polymixin B-Agarose 
(Sigma). Toxins were confirmed to have <0.1 ng endotoxin/ml by using a Pierce 
LAL Chromogenic Endotoxin Quantitation Kit (Thermo Scientific) according to 
manufacturer’s protocol. 
 
THP-1 Cell Toxin Challenge Over an Increasing Concentration Range 
THP-1 (human myeloid leukemia cell line THP-1; ATCC) cells were grown 
in Eagle’s Minimum Essential Medium (EMEM) (ATCC) supplemented with 
streptomycin (50 µg/ml), penicillin (50 U/ml), and 10% fetal bovine serum at 37°C 
in humidified 5% CO2. THP-1 cells (2 x 106 cells/well; 100 µl/well; 96-well plate) 
were then incubated for 4 hours at 37 °C in humidified 5% CO2 with Stx1 or Stx2 
over a range of concentrations: 0, 25, 50, 100, 200, and 400 ng/ml. Cells were 
then counted at each concentration using trypan blue and a hemocytometer in 
order to calculate % viability. 
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THP-1 Cell Toxin Challenge After Antibiotic Removal 
THP-1 cells were grown in HyClone RPMI 1640 media (Thermo Scientific) 
supplemented with streptomycin (50 µg/ml), penicillin (50 U/ml), and 10% fetal 
bovine serum at 37°C in humidified 5% CO2. Before challenge, streptomycin and 
penicillin were removed from growth media for 20hrs to replicate conditions by 
Lee et al. who described ER stress after Stx1 incubation (100). THP-1 cells (2 x 
106 cells/well; 1.0 ml/well; 12-well plate) were then incubated for 4 hours at 37°C 
in humidified 5% CO2 with Stx1 (400 ng/ml), Stx2 (400 ng/ml), or tunicamycin (3 
µg/ml; a known inducer of ER stress; Sigma). Toxin was subsequently removed 
by centrifugation for the RNA isolation step. 	  
Baboon Samples 
 All samples used in this study were archived samples, stored at -80oC 
from previously completed experimental series. No new animal studies were 
performed for this project. To briefly summarize prior work, juvenile Papio 
baboons (1.5-3 years; 5-8 kg) were challenged with a non-lethal Stx1 dose (10 
ng/kg), a lethal Stx1 dose (50 ng/kg), a lethal Stx2 dose (50 ng/kg), or Stx2 (50 
ng/kg) and therapeutic peptide TVP (5mg/kg) that confers survival when given 
	  15	  	  
simultaneously with toxin (29, 105). Dosage and survival data is displayed in 
Table 1. Animals were housed and used in accordance with approved IACUC 
and IBC protocols from Boston University School of Medicine and the University 
of Oklahoma Health Sciences Center. Baboons were euthanized according to 
established criteria before the end of the 7-day studies if necessary, as death 
was not an endpoint. At euthanasia, tissues were harvested and stored in 
RNAlater RNA Stabilization Reagent (Qiagen) at -80°C. 	  
Table 1. Animal Survival. The number of baboons (Papio) per toxin challenge and their 
average survival are shown below. An average survival of 7 days refers to animals that 
survived the challenge but were euthanized for tissue harvest at the end of the study. 
TVP was given simultaneously with Stx2 at 5 mg/kg. (29, 105) 
 
Challenge  Toxin Dose (ng/kg) Number of Animals Average Survival (Days) 
Stx1 10 2 7 
Stx1 50 3 2.79 
Stx2 50 4 4.64 
Stx2 + TVP 50 3 7 	  	  
RNA Isolation from THP-1 Cells 
After toxin was removed by centrifugation, THP-1 cells were disrupted and 
homogenized in 350 µl Buffer RLT Plus (Qiagen) and 3.5 µl β-mercaptoethanol 
by using a TissueLyser II (Qiagen) bead mill for 4 minutes at 25 Hz. The lysate 
was then centrifuged for 3 minutes at max speed. The supernatant was removed 
for RNA isolation.  
RNA was isolated through automated processing by a QIAcube (Qiagen) 
using an RNeasy Plus Mini Kit (Qiagen) that included a gDNA eliminator spin 
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column according to manufacturer protocols. Concentration of RNA was then 
obtained using a NanoDrop 2000c UV-Vis Spectrophotometer (Thermo 
Scientific), and purity was assessed by analyzing the 260 nm/280 nm 
absorbance ratios. 
 
RNA Isolation from Baboon Tissues 
 Baboon (Papio) kidney cortex, spleen, and liver tissues from all toxin 
challenges were used to isolate RNA. After thawing on ice, tissues (≤ 25 mg) 
were disrupted and homogenized in 350 µl Buffer RLT Plus (Qiagen) and 3.5 µl 
β-mercaptoethanol by using a TissueLyser II (Qiagen) bead mill for 4 minutes at 
25 Hz. The lysate was then centrifuged for 3 minutes at max speed. The 
supernatant was removed for RNA isolation.  
RNA was isolated through automated processing by a QIAcube (Qiagen) 
using an RNeasy Plus Mini Kit (Qiagen) that included a gDNA eliminator spin 
column according to manufacturer protocols. Concentration of RNA was then 
obtained using a NanoDrop 2000c UV-Vis Spectrophotometer (Thermo 
Scientific), and purity was assessed by analyzing the 260 nm/280 nm 
absorbance ratios. 	  
cDNA Synthesis 
 The isolated RNA was used to synthesize cDNA by using a QuaniTect 
Reverse Transcription Kit (Qiagen) according to manufacturer protocol. cDNA for 
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use in THP-1 cell qPCR protocols was synthesized from 250 ng total RNA in a 20 
µl volume. cDNA for use in baboon primer validation protocols was synthesized 
from 1000 ng total RNA in a 20 µl volume. cDNA for use in baboon tissue ER 
stress marker analysis protocols was synthesized from 500 ng total RNA in a 20 
µl volume. 
 
qPCR to Determine Primer Efficiency 
 Primers for use in sample analysis protocols (Table 2) were validated for 
use by amplifying two-fold dilutions of cDNA synthesized from RNA from THP-1 
cells challenged with tunicamycin (3 µg/ml, 4 hours) or Stx1 (50 ng/kg) 
challenged baboon kidney cortex in a quantitative polymerase chain reaction 
(qPCR). Threshold cycle (CT) values were plotted against the log of the dilution. 
Primer optimization was judged by analyzing the slope and correlation coefficient 
(R2) values and by calculating primer efficiency. 
 
 Melt curves were also analyzed to verify that only the gene product of interest 
was amplified.  
 Reactions were run in duplicate using a StepOnePlus Real-Time PCR 
System (Applied Biosystems). Reaction volumes (25 µl) were taken from a 
master mix that contained 1.0 µl cDNA, 25 µl SYBR Green Master Mix (Qiagen), 
20 µl RNase free H2O, and 5 µl of both a forward and a reverse primer (10 µM 
	  18	  	  
stock solution). The thermal cycling program consisted of a pre-incubation step 
(95 °C, 5 minutes) followed by 40 cycles of denaturation (95 °C, 10 seconds) and 
annealing/extension (60 °C, 30 seconds). The melt curve consisted of an initial 
rapid denaturing (95 °C, 15 seconds) followed by an incubation step (60 °C, 1 
minute) and gradual temperature increases (3 °C/15 seconds) up to 95 °C to 
measure changes in fluorescence.	  	  
Table 2. Primer Sequences. Primers specific for human (Homo sapiens) cDNA 
transcripts, used in qPCR of THP-1 cell and baboon (Papio) cDNA. 
 
Gene Primer sequence 
ACTB (β Actin) * Forward: 5’-ACC AAC TGG GAC GAC ATG GAG AAA A  Reverse: 5’-TAC GGC CAG AGG CGT ACA GGG ATA G  
ACTB (β Actin) ** Forward: 5’-GAG AGA CAA ACA CCA GAA AAA GAG C Reverse: 5’-CTC TTC TGC CGT TTT CCG TAG G 
ATF6 (ATF6) Forward: 5’- TCA GCC CAA GCC TTT ATT GC Reverse: 5’-TGA TGG TTT TTG CTG GAA CAC T 
DDIT3 (CHOP) Forward: 5’- ACC AAG GGA GAA CCA GGA AAC G Reverse: 5’-TCA CCA TTC GGT CAA TCA GAG C 
ERN1 (IRE1α) Forward: 5’- TGG GTA AAA AGC AGG ACA TCT GG Reverse: 5’- GCA TAG TCA AAG TAG GTG GCA TTC C 
HSPA5 (BiP) Forward: 5’-CGG GCA AAG ATG TCA GGA AAG Reverse: 5’- TTC TGG ACG GGC TTC ATA GTA GAC 
*ACTB primer used with baboon samples only 
**ACTB primer used with THP-1 cell samples only 	  
 
qPCR to Look for ER Stress Markers 
  cDNA synthesized from THP-1 cell and baboon RNA was analyzed by 
qPCR for mRNA expression of ER stress markers. Reactions were run in 
duplicate using a StepOnePlus Real-Time PCR System (Applied Biosystems). 
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Reaction volumes (25 µl) were taken from a master mix that contained 1.0 µl 
cDNA, 25 µl SYBR Green Master Mix (Qiagen), 20 µl RNase free H2O, and 5 µl 
of both a forward and a reverse primer (10 µM stock solution). The thermal 
cycling program consisted of a pre-incubation step (95 °C, 5 minutes) followed by 
40 cycles of denaturation (95 °C, 10 seconds) and annealing/extension (60 °C, 
30 seconds). A melt curve consisting of an initial rapid denaturing (95 °C, 15 
seconds) followed by an incubation (60 °C, 1 minute) and gradual temperature 
increases (3 °C/15 seconds) up to 95 °C was completed after amplification to 
ensure cDNA purity.  
 Data was analyzed using the ΔCT method, a variation of the Livak method, 
 
where ACTB is a housekeeper gene used for normalization, and X is the target 
gene. Relative mRNA expression was divided by amount of total RNA used in 
cDNA synthesis to account for possible variations. 	  
RESULTS 
THP-1 Cell Viability 
 THP-1 cells were challenged with Stx1 or Stx2 for 4 hours over a range of 
concentrations (0, 25, 50, 100, 200, and 400 ng/ml), and the viability was 
calculated (Fig. 2). Stx1 seemed to cause more loss in viability than Stx2, but the 
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differences were non-significant.  The intent was to find conditions in which ER 
stress could be detected, while maintaining reasonably high cell viability.   
 	  
Figure 2. THP-1 Cell Viability After Toxin Challenge of Increasing Concentrations. 
THP-1 cells were challenged with either purified Stx1 or Stx2 in a series of 
concentrations (0, 20, 50, 100, 200, and 400 ng/ml) for 4 hours. Stx1 seemed to cause 
more loss in viability than Stx2, but results were not statistically significant when toxin 
concentrations were compared by Student’s t-test. Data shown are mean and ± SEM. 
 
  
qPCR to Determine Primer Efficiency 
Primers for use in sample analysis protocols were validated for use by 
amplifying two-fold dilutions of cDNA synthesized from RNA from THP-1 cells 
challenged with tunicamycin (3 µg/ml, 4 hours) or Stx1 (50 ng/kg) challenged 
baboon kidney cortex in a quantitative polymerase chain reaction (qPCR). All 
primers for use with THP-1 cell cDNA had efficiencies between 95 – 104% and 
R2 values above 0.975 (Fig 3a – 3e). All amplification plots showed a lack of 
amplification in wells with no cDNA, and all melt curves had single Tm peaks. 
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All primers for use with baboon cDNA had efficiencies between 98 – 110% 
and  R2 values above 0.98 (Fig. 4a – 8a). All amplification plots showed a lack of 
amplification in wells with no cDNA (Fig. 4b – 8b), and all melt curves had single 
Tm peaks (Fig. 4c – 8c). Since these values are within acceptable ranges (107) 
and the amplification plot and melt curves were clean, the primers were deemed 
appropriate for use.	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Figure 3. THP-1 Cell Primer Validation Standard Curves. Forward and reverse 
primers were validated by using tunicamycin (3 µg/ml) challenged THP-1 cell cDNA to 
run two-fold serial dilutions in a qPCR. Standard curves were created by plotting the CT 
values against the log of the dilutions. The primers that were validated were (A) β Actin, 
(B) ATF6, (C) BiP, (D) CHOP, and (E) IRE1α. 	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Figure 4. ACTB (β  Actin) Primer Validation. β  actin forward and reverse primers were 
validated by using Stx1 (50 ng/kg) challenged baboon (Papio) kidney cortex cDNA to run 
two-fold serial dilutions in a qPCR. The standard curve (A) had a slope of -3.362, an 
efficiency of 98.38%, and an R2 of 0.9975. The amplification plot (B) lacked amplification 
in the wells without cDNA, and the melt curve (C) had a single Tm peak at 87.46 °C. 
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Figure 5. ATF6 (ATF6) Primer Validation. ATF6 forward and reverse primers were 
validated by using Stx1 (50 ng/kg) challenged baboon (Papio) kidney cortex cDNA to run 
two-fold serial dilutions in a qPCR. The standard curve (A) had a slope of -3.329, an 
efficiency of 99.71%, and an R2 of 0.9978. The amplification plot (B) lacked amplification 
in the wells without cDNA, and the melt curve (C) had a single Tm peak at 79.84 °C. 
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Figure 6. HSPA5 (BiP) Primer Validation. BiP forward and reverse primers were 
validated by using Stx1 (50 ng/kg) challenged baboon (Papio) kidney cortex cDNA to run 
two-fold serial dilutions in a qPCR. The standard curve (A) had a slope of -3.141, an 
efficiency of 108.16%, and an R2 of 0.9827. The amplification plot (B) lacked 
amplification in the wells without cDNA, and the melt curve (C) had a single Tm peak at 
83.13 °C. 	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Figure 7. DDIT3 (CHOP) Primer Validation. CHOP forward and reverse primers were 
validated by using Stx1 (50 ng/kg) challenged baboon (Papio) kidney cortex cDNA to run 
two-fold serial dilutions in a qPCR. The standard curve (A) had a slope of -3.115, an 
efficiency of 109.41%, and an R2 of 0.9932. The amplification plot (B) lacked 
amplification in the wells without cDNA, and the melt curve (C) had a single Tm peak at 
85.07 °C. 
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Figure 8. ERN1 (IRE1α) Primer Validation. IRE1α forward and reverse primers were 
validated by using Stx1 (50 ng/kg) challenged baboon (Papio) kidney cortex cDNA to run 
two-fold serial dilutions in a qPCR. The standard curve (A) had a slope of -3.215, an 
efficiency of 104.64%, and an R2 of 0.9907. The amplification plot (B) lacked 
amplification in the wells without cDNA, and the melt curve (C) had a single Tm peak at 
83.43 °C. 
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Stx-induced ER Stress in THP-1 cells by qPCR 
 ER stress is known to be induced by Stx1 in THP-1 cells, but the effect of 
Stx2 is not known. The toxin structures differ significantly and Stx2 is associated 
with more severe disease during bacterial infection. To evaluate Stx2 effects, 
THP-1 cells were challenged with Stx1 or Stx2 (400 ng/ml) after antibiotics were 
removed from their growth media for about 20 hours prior to challenge to mimic 
conditions described previously (100). RNA was isolated from the cells, cDNA 
was synthesized, and qPCR was run to look for CHOP and IRE1α mRNA 
expression. CHOP (Fig 9a) and IRE1α (Fig. 9b) mRNA expression was similar 
for Stx1, Stx2 and no toxin challenged cells. Tunicamycin induced over a 40 fold 
increase in CHOP mRNA expression and over a 10 fold increase in IRE1α 
mRNA expression compared to unchallenged cells. 	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Figure 9. CHOP and IRE1α  Expression in Toxin Challenged THP-1 Cells. Antibiotics 
were removed from THP-1 cell media approximately 1 day prior to challenge with 
purified Stx1 or Stx2 at 400 ng/ml for 4 hours. Both (A) CHOP and (B) IRE1α mRNA 
expression after Stx1 or Stx2 challenge were similar to mRNA expression in cells that 
received no toxin. Tunicamycin (3 µg/ml), a known inducer of ER stress, caused over a 
40 fold increase in CHOP mRNA expression and over a 10 fold increase in IRE1α 
mRNA expression compared to cells that were unchallenged. 	  
qPCR on Baboon Tissues to Look for ER Stress Markers 
cDNA synthesized from baboon (Papio) kidney cortex, spleen and liver 
RNA was analyzed by qPCR for mRNA expression of ER stress markers: CHOP, 
IRE1α, ATF6, and BiP.  The stored tissues had been obtained at necropsy from 
baboons challenged previously with non-lethal Stx1 (10 ng/kg), lethal Stx1 (50 
ng/kg), lethal Stx2 (50 ng/kg), or Stx2 (50 ng/kg) with simultaneous therapeutic 
TVP peptide (5mg/kg) for survival outcome.  
CHOP mRNA expression was not significantly different in any baboon 
sample (Fig. 10a – 10c). IRE1α mRNA expression was significantly higher in 
baboon kidney cortex and liver after surviving an Stx2 + TVP challenge than in 
baboons that received a lethal Stx2 challenge (Fig. 11a & 11c). IRE1α mRNA 
expression was also significantly higher in the spleen of baboons that received a 
lethal dose of Stx1 compared to those that received a non-lethal dose of Stx1 
(Fig. 11b). ATF6 and BiP mRNA expression was significantly higher in baboon 
kidney cortex after surviving an Stx2 + TVP challenge than in baboons that 
received a lethal Stx2 challenge (Fig. 12a & 13a). AFT6 and BiP mRNA 
expression in baboon spleen and liver was no different between challenges (Fig. 
12b – 12c & 13b – 13c). 
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Figure 10. CHOP mRNA Expression in Baboon Tissues After Toxin Challenge. 
CHOP mRNA expression was measured by qPCR on baboon (Papio) cDNA synthesized 
from (A) kidney cortex, (B) spleen, and (C) liver RNA. Animals were challenged with 
Stx1 at 10 ng/kg (n = 2), Stx1 at 50 ng/kg (n = 3), Stx2 at 50 ng/kg (n = 4), Stx2 (50 
ng/kg) given simultaneously with TVP (5 mg/kg) (n = 3), or unchallenged (n = 1). 
Challenges were compared by Student’s t-test, and differences seen were found to be 
non-significant. Data shown are individual results, mean, and ± SEM. 
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Figure 11. IRE1α  mRNA Expression in Baboon Tissues After Toxin Challenge. 
IRE1α mRNA expression was measured by qPCR on baboon (Papio) cDNA synthesized 
from (A) kidney cortex, (B) spleen, and (C) liver RNA. Animals were challenged with 
Stx1 at 10 ng/kg (n = 2), Stx1 at 50 ng/kg (n = 3), Stx2 at 50 ng/kg (n = 4), Stx2 (50 
ng/kg) given simultaneously with TVP (5 mg/kg) (n = 3), or unchallenged (n = 1). 
Challenges were compared by Student’s t-test; *P < 0.05, **P < 0.005,  ***P < 0.001. 
Data shown are individual results, mean, and ± SEM. 
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Figure 12. ATF6 mRNA Expression in Baboon Tissues After Toxin Challenge. 
ATF6 mRNA expression was measured by qPCR on baboon (Papio) cDNA synthesized 
from (A) kidney cortex, (B) spleen, and (C) liver RNA. Animals were challenged with 
Stx1 at 10 ng/kg (n = 2), Stx1 at 50 ng/kg (n = 3), Stx2 at 50 ng/kg (n = 4), Stx2 (50 
ng/kg) given simultaneously with TVP (5 mg/kg) (n = 3), or unchallenged (n = 1). 
Challenges were compared by Student’s t-test; *P < 0.05, **P < 0.005,  ***P < 0.001. 
Data shown are individual results, mean, and ± SEM.
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Figure 13. BiP mRNA Expression in Baboon Tissues After Toxin Challenge. BiP 
mRNA expression was measured by qPCR on baboon (Papio) cDNA synthesized from 
(A) kidney cortex, (B) spleen, and (C) liver RNA. Animals were challenged with Stx1 at 
10 ng/kg (n = 2), Stx1 at 50 ng/kg (n = 3), Stx2 at 50 ng/kg (n = 4), Stx2 (50 ng/kg) given 
simultaneously with TVP (5 mg/kg) (n = 3), or unchallenged (n = 1). Challenges were 
compared by Student’s t-test; *P < 0.05, **P < 0.005,  ***P < 0.001. Data shown are 
individual results, mean, and ± SEM. 
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DISCUSSION 
In this study, we examined the impact of  Stx1 or Stx2 on production of ER 
stress markers in human THP-1 cells and baboon tissues. We also looked at 
whether ER stress markers in baboon tissues taken at necropsy might correlate 
with toxin challenge severity, toxin type (Stx1 or Stx2), and response to a 
successful therapeutic anti-Stx2 peptide.  
 
THP-1 Cell Toxin Challenges  
We first looked at how increasing concentrations of the Shiga-like toxins 
affected THP-1 cells to identify toxin concentrations and incubation times that 
maintained reasonable viability for evaluation of ER stress markers. Figure 2 
shows that Stx1 caused an average drop in viability of about 13% at the highest 
toxin concentration compared to no toxin, while Stx2 only caused an average 
drop in viability of about 4%.  
We then analyzed CHOP and IRE1α mRNA expression in THP-1 cells 
after being subjected to toxin. Lee et al. previously published that Stx1 increases 
the expression of CHOP mRNA and IRE1α activation in THP-1 cells (100), and 
we wanted to evaluate whether Stx2 acted in a similar fashion. When consulting 
that paper, we noticed that the protocol involved removing the antibiotics from the 
cell media prior to challenging the THP-1 cells with Stx1 (100). We decided to 
also remove the antibiotics for about a day before our toxin challenges, and we 
decided to use the same cell culture media that was used in the Lee et al. 
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protocol. We then challenged THP-1 cells with Stx1 or Stx2 at a concentration 
that was used in the Lee et al. paper. We expected that both Stx1 and Stx2 
would induce ER stress marker expression. Unfortunately, we were unable to 
detect upregulated CHOP or IRE1α mRNA expression in either Stx2 or Stx1 
challenged THP-1 cells (Fig. 12).  
To act as a positive control in this experiment, we also analyzed cells that 
were challenged with tunicamycin, a known inducer of ER stress. The THP-1 
cells did have upregulated CHOP and IRE1α mRNA expression compared to 
cells with no toxin (Fig. 11a, 12), so we know that our qPCR analysis was 
correct. The problem has to lie with the handling of the cells or with the potency 
of the toxins used. The Lee et al. paper did not divulge how long the antibiotics 
were removed prior to challenge or what volume the cells were kept in during the 
challenge. They also used toxins that were obtained from a different location than 
our toxins, so the effectiveness of the toxins could vary.  
These differences in our protocol could be worth looking into when 
planning a future experiment to determine if Stx2 induces ER stress marker 
production in THP-1 cells similar to the way Stx1 does. Although, this area of our 
study is not as pertinent as the next, as several previously mentioned studies 
have shown Stx2 can induce ER stress marker production in various cells and in 
a mouse model (101, 102) (SY Oh, unpublished manuscript, 2011; C Leibowitz, 
PhD candidate in Kurosawa lab; unpublished data). 
 
	  47	  	  
Baboon Toxin Challenges 
 In the second part of our study, we examined ER stress marker production 
in baboon (Papio) tissues. We looked at tissues from baboons that were 
challenged with a non-lethal Stx1 dose, a lethal Stx1 dose, a lethal Stx2 dose, or 
Stx2 and therapeutic peptide TVP that confers survival when given 
simultaneously with toxin, as well as tissues from unchallenged baboons. The 
tissues analyzed were from the kidney cortex due to their high sensitivity to the 
Shiga-like toxins, the spleen, and the liver. The ER stress markers that were 
examined were CHOP, IRE1α, ATF6, and BiP. We expected increased ER 
stress marker production in tissues from animals that were given a lethal 
challenge. 
 While CHOP mRNA expression did not differ between toxins or tissues 
(Fig. 10), there did seem to be some differences in the upstream expression of 
IRE1α, ATF6, and BiP. Figure 11b shows that a high dose of Stx1 caused a 
significant increase in IRE1α mRNA expression in the spleen compared to a low 
dose of Stx1. The high dose Stx1 animals lived an average of 2.79 days post 
challenge, while the low dose Stx1 animals survived the challenge and had 
tissues harvested 7 days post challenge (Table 1). This suggests that dose and 
timing may impact IRE1α mRNA expression. This is consistent with data showing 
that upregulated CHOP mRNA is detected in kidneys from Stx2 challenged mice 
3 days post challenge but not if the tissues were harvested later  (C Leibowitz, 
PhD candidate in Kurosawa lab; unpublished data). The timing of ER stress 
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marker upregulation seems to be an important factor. Interestingly, changes in 
kidney and liver IRE1α mRNA and kidney ATF6 mRNA were more apparent with 
Stx2 +/- TVP pre-treatment. With successful treatment, the gatekeeper 
expression was increased relative to toxin alone. This might reflect a protective 
effect of ER stress pathways in these tissues, or alternatively that Stx2 
suppresses this pathway which might prevent cell healing.    
 Both Stx1 and Stx2 challenges resulted in suppressed IRE1α mRNA 
expression in the liver samples as well (Fig. 11c). This lowered expression of ER 
stress markers could be due to a suppression of the ER stress response and 
UPR pathway in response to the toxins. Therapeutic peptide TVP could have  
allowed the ER stress response and UPR pathway to function normally to rescue 
the cells from the protein malfunctions caused by the Shiga-like toxins. After all, 
both overactive and underactive UPRs have been shown to play a role in several 
disease states such as atherosclerosis and diabetes mellitus (108).  
To test the hypothesis that the timing of a Shiga-like toxin challenge 
affects ER stress marker production, we could look at the leukocytes found in 
buffy coat samples taken from the baboons at various time points during toxin 
challenge, as it has been shown that the Shiga-like toxins can bind to leukocytes 
(37, 90, 109, 110). We could analyze these cells to see if ER stress marker 
expression is upregulated at any time during the challenge without having to 
sacrifice the animals for tissue harvest. If the results showed upregulation in the 
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ER stress markers soon after toxin challenge, they could be promising 
biomarkers in human patients who may have an EHEC infection. 
 While these results do show some differences, more studies need to be 
done to make definitive conclusions. We can note that there seems to be 
different responses induced by the two toxins. The responses also seem to be 
tissue specific as the kidney ER stress marker production seems to be most 
affected by Stx2 + TVP, while the liver and spleen ER stress marker production is 
less affected by the toxins. This is what we would expect because the kidneys 
are highly susceptible to the Shiga-like toxins due to their high expression of the 
receptor Gb3. 
CONCLUSIONS 
While more studies need to be done, the preliminary data shown here 
suggest that the timing of ER stress marker production is important, and Shiga-
like toxins may suppress the UPR in some baboon tissues. We also show that 
the therapeutic peptide TVP may reverse this UPR suppression and relieve ER 
stress leading to animal survival. More research needs to be done to definitively 
determine if ER stress could be an area for possible treatments of EHEC induced 
HUS, but this study as well as many others show that ER stress may play an 
important role in the pathogenesis caused by Shiga-like toxins.  
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